Temporary Edge Protection Systems (TEPS) are designed to withstand the impact of a worker that walks, stumbles, and falls against them. This is by nature a dynamic action; however, many standards evaluate TEPS when the surface or slope is slightly inclined (less than 10°), applying static requirements. The performance requirements demanded by these standards are assumed to be equivalent to the impact of a worker, however this point has not been tested. In this study, TEPS with tubular steel guardrails and wooden boards of different quality under two types of loads are evaluated using the static requirements detailed in standard EN 13374. TEPS are subjected to an impact energy of 180 J, simulating a worker of 90 kg walking at a speed of 2 m/s. The results demonstrate that the static requirements of EN 13374 are more demanding than the impact of 180 J in all the systems under study.
INTRODUCTION AND OBJECTIVES
Construction accidents due to falls from height imply a high percentage of total accidents in the sector (1) (2) (3). International standards and regulations limit falls from height in order to prevent injuries and harm to workers (4) (5) (6) (7).
Protection against falls from height through Temporary Edge Protection Systems (TEPS) constitute an effective system, because they eliminate the on-site risk, preventing the fall and thereby avoiding the possibility of injury to the worker that impacts against another system that only limits falls from height. Prior studies have shown that the appropriate use of TEPS can prevent a large number of accidents and falls from height (8) (9) (10) (11) (12). Other studies have evaluated the performance of TEPS against static loads and impacts (13) (14) (15) (16) (17) (18).
The norms that regulate TEPS that were consulted (19) (20) (21) (22) (23) require these systems to fulfill both geometric and mechanical standards. The geometric requirements establish the dimensions of the TEPS so that it constrains the worker from falling outside the system and prevents objects from falling from the structure into space. The requirements of a mechanical type mean that the systems should have a certain resistance and they limit its movement in reaction to a given load. The objective of establishing a maximum deflection limit is based on preventing the worker from losing balance on the TEPS and falling into space (24).
One of the fundamental purposes of a TEPS is to stop a worker walking on the structure from stumbling, falling, and hitting the TEPS. This is by nature a dynamic action that involves an impact. There are also norms that specify dynamic loads for TEPS testing, which model the shock of a worker against a TEPS by means of an impact at a particular level of energy. The test method of the Institut Nacional de Recherche et de Sécurité (25) (24) indicates an impact of a body of 80 kg of mass that strikes at a speed of 2 m/s (E = 160 J). Other norms (26) specify an impact with a mass of 90 kg at the aforementioned speed (E = 180 J).
Standard EN 13374 (19) classifies the TEPS into three classes (A, B and C), in accordance with the inclination of the work surface and the height of the fall of the person that is to be protected.
The class A systems, which are the most widely employed, can only be used when the slope of the work surface is below 10°. Equivalent low static loads are evaluated. The systems are classified in classes B and C for slopes over the structure, evaluation of which requires the use of dynamic loads applied in the form of an impact.
Evaluation of class A systems by means of static loads as per EN 13374 or the use of actions of a static nature from other standards implies, as commented on earlier, that the static loads specified in these standards should be equivalent to impact loads that the TEPS should withstand in the case of real accidents. However, no analytical or experimental works have been found to support such a statement.
This work is intended to determine whether the use of equivalent static load systems that are specified in the standards imply that the impact of a worker when falling and hitting a TEPS will be absorbed.
A dynamic load, equivalent to an energy impact of 180 J was used to achieve this objective. Equivalent static loads were used as per standard EN 13374. The TEPS were tested with vertical tubular steel posts attached either to wooden or to tubular steel guardrails of circular section, using both static loads and dynamic impacts for subsequent comparison of the results.
SYSTEMS THAT WERE TESTED
Seven TEPS were analyzed with spans between the vertical posts of 2400 mm and a height of 1000 mm, measured from the reference level to the upper edge of the main guardrail. The vertical post in all the systems consisted of a tubular section of S 235 steel with a diameter of 40 mm and a thickness of 1.5 mm (40·1.5). The retaining lugs of the vertical posts were S 275 steel.
Two systems were prepared with circular tubular S 235 steel rails with sections of 25 · 1.5 (S1) and of 40 · 1.5 (S2).
Five TEPS were prepared with pinewood guardrails supplied by Aserradero from El Espinar, Segovia (Spain). The wooden boards for the 5 systems had a rectangular section of 150 mm in height. Systems S3 and S4 were formed by 22 mm thick boards, while the boards in systems S5, S6 and S7 had a thickness of 27 mm. The wooden boards with a thickness of 27 mm had the following visual classifications ME1 with a resistant class of C27; ME2 with a resistant class of C18; and the Visual Defect class (R). Visual classification ME1 and Visual Defect R, were used for the 22 mm thick boards. The visual classification and the resistance classes of the wooden boards used in the test are those used in UNE 56544 (27) .
The performance of the vertical posts (P1) in these systems was compared with other vertical posts also tubular, but with a section of 30·1.5 (P2). P1 and P2 were tested independently of complete systems.
The geometric characteristics of the sections of the seven test systems and the vertical posts together with the visual classification and strength of the wooden tables are indicated in Table 1 .
The seven systems were anchored to a reinforced concrete beam into which PVC tubes had been embedded to house the circular section vertical posts. As an example, Figure 1 shows the layout and the geometric characteristics of test system 1. The ULS test confirms that the rails and vertical post should be designed to withstand a load of 0.30 kN applied perpendicularly to the plane of the system at the weakest points. For the assessment of this limit state, a strength increasing coefficient with a value of 1.5 (γ F ) for all loads and a strength reduction coefficient (γ M ) of the material, which is γ M = 1.1 in the case of steel and γ M = 1.3 for wood. With these figures, the load to apply in the case of a test on a steel element is F H = 0.30 · 1.5 · 1.1 = 0.5 kN, while in the case of a wooden element, it is F H = 0.30 · 1.5 · 1.3 = 0.6 kN.
The deflection should be no greater than 55 mm, in order to satisfy the SLS, when a single horizontal load of F T1 = 0.30 kN is applied to the system, at its most unfavorable point.
It is specified that the guardrails should withstand a single gravitational load of F D = 1.25 kN in order to test an accidental load. This load should be applied at the most unfavorable position of the TEPS, within a sector inclined at ±10° slope in relation to the vertical plane.
The coefficients of increasing and strength reduction of the material take a unitary value for the evaluation in relation to the SLS and AL. 
Point of application of force
Figure 2. Deflection test on the upper guardrail of system S2.
a concrete beam, in a similar way to the anchor existing at the time of the dynamic impact. Table 2 shows the results obtained in the deflection and resistance tests on the systems and vertical posts under study when the loads were applied to the central section of the main guardrail and the upper end of the vertical posts.
RESULTS OBTAINED

Static tests
The accidental load was evaluated at two different points on the guardrail: the central section where the flexural moment is at a maximum and a section very close to the support, where the shear stress is at a maximum.
(28) from the necessary height, so that the energy of the impact would be equal to 180 J (180J / 500 N = 0.36 m) ( Figure 3 ).
The impacts occurred by hitting the ball against the central section of the main rails of the 7 systems and at the upper ends of the two vertical posts.
After the impact, the elements were visually checked to detect any possible buckling or breakage and were placed on a table to measure any permanent deformation.
Two vertical posts identical to those subjected to the impact were tested under static horizontal load applied at their upper ends to obtain their load-displacement diagram. During the test, the vertical posts were anchored with a PVC tube to Figure 6 shows the results of the deflection and resistance tests on vertical post P1 when the load was applied to its upper end.
From among the seven systems that were tested, only system 1 failed to pass the accidental load test.
The values marked in bold in Table 2 indicate non-compliance with the requirements in standard EN 13374.
In Figures 4 and 5, the results corresponding to the deflection and strength tests are shown when the load is applied to the central point of the main guardrail. 
Dynamic tests with impact load
Even though the seven systems and the two vertical posts that were tested with an impact of E = 180 J were able to withstand the sphericonic ball and resist an impact with that energy, the structural response of the different systems and elements is very different.
The principal guardrail of system S1, after the impact (Figure 8 ), experienced plastic deformations following which its geometry as indicated in Figure 9 , had an excess deflection of 115.01 mm, which meant an 11° rotation in the plastic hinge.
None of the elements (main rails and vertical posts) of the other systems underwent any plastic deformations, when the impact centered on the main guardrail, and they recovered from each deformation that occurred at the time of the impact.
When the impact of E = 180 J occurred at the upper end of vertical post P1, the pole underwent plastic deformation at the height of its attachment to the structure, having a residual deflection of 61.05 mm and a permanently bent angle with regard to the vertical of 3.5°. In the case of post P2, the permanent deformations were larger, leaving a residual deflection of 104.53 mm, which meant a rotated angle of 6°. Both posts withstood the ball at the time of its impact (Figures 10 and 11 ). When the impact occurred at the centre of the main guardrail, plastic deformations only appeared in the central section of the railing of system S1. The other systems recovered from the deformations produced during the impact.
Analysis of the load-deflection diagrams of the vertical posts 40·1.5 and 30·1.5 in Figure 11 reveal a more rigid behavior up until the maximum test load of the vertical post 40·1.5. Having reached the maximum test load, both vertical posts underwent a drop in resistance until the end of the test. It should be noted that there is no period of plastic yield after reaching the maximum load, as might be expected due to the behavior of the steel. The difference is because when the maximum test load is reached and the piece continues to be deformed, a modification in the geometry of the section under greatest pressure takes place, leading to local buckling and reducing the resistant moment and the inertia of the section. Figure 12 shows the section under the greatest stress of a tubular section subjected to a flexural test. It may be seen that local buckling in the section implies a reduction in its resistant moment.
In the cases under study, the classification found in EC-3 (29) of the class 1 sections is unsafe, as the tests results show.
Some documents (26) indicate that a TEPS is valid when it is able to absorb energy of 180 J, appending an analytic evaluation procedure that uses an elastoplastic diagram to represent the behavior of the system. The above results show that the use of the elastoplastic diagram is not valid, because the system is unable to develop sufficient plastic deformation. Table 3 shows the maximum load reached in the Bending test (P max ) test, the maximum deflection reached during the test (δ max ), absorbed energy up until the elastic and maximum loads are reached (E e and E 1 ), and total energy absorbed throughout the entire test, for vertical posts P1 and P2 (E T ).
ANALYSIS AND DISCUSSION
Static tests
The results in Table 2 show that only systems 2 and 5 meet the requirements specified in standard EN 13374 for experimental evaluation. System 1, habitually used on construction sites in Spain, neither satisfies the deflection requirements nor satisfies the resistance requirements. Systems 3, 4, 6 and 7 fail to pass the deflection test. Only System 1 fails to pass the accidental load test.
It may be confirmed from Figure 4 that the behavior during the deflection test on the 7 systems is practically elastic and linear. The differences in guardrail rigidity are evident from the different slopes of the respective diagrams. Figure 5 once again highlights the different rigidities of the three systems. In system 1, the diagram is approximately linear up until a load of 0.40 kN, from that point the linearity is lost and the movements grow more rapidly than the forces, slowly losing system rigidity, as a consequence of the plastic deformation that is occurring in the system. When reaching maximum loading and unloading, the unloading takes place along a parallel straight line to the application of the loads and a residual deflection is left of approximately 30 mm (30.07 mm). In this case, the system resists the maximum test load, but does not comply with the other two requirements of the standard: residual deflection is 10 % above the instantaneous maximum on the main and intermediary guardrails and ultimate resistance (0.57 kN) is not more than 1.2 times the maximum test load of 0.60 kN, (Table 2 and Figure 5 ).
The behavior of systems 2-7 is linear, with practically no observable deformation remaining. The three points indicated in the standard for satisfying the resistance requirement were all satisfied (Table 2 and Figure 5 ).
The load-deflection curve corresponding the deflection test for post P1 (Figure 6 ) initially showed anomalous behavior, as a consequence of non-linear deformation of the PVC tube when the load was applied, which produces a non-linear graph reflecting rigidity under loading. The behavior is linear, once approximately half the test load has been applied. Unloading takes place in an elastic way, very approximately in line with the curve that reflects the load. A movement below the limit permitted by the standard was obtained.
In the load-deflection graph corresponding to post P1 during the resistance test (Figure 6 ), anomalous behavior was once again evident as the load increased, with an increase in the rigidity of the system, caused by deformations between the PVC tube embedded in the concrete beam and the metallic vertical post. When these deformations ended (at approximately 0.20 kN), behaviour corresponded to the rigidity of the post. The maximum test load having been reached, unloading occurred in a similar way to loading, which means that the deformations in the PVC tube recovered and the behavior of the vertical post was elastic. The vertical post passed the resistance test.
Impact tests
The test results showed that all the systems were able to withstand a sphericonic ball with an energy impact of 180 J. These results allow us to affirm that the static load test defined by standard EN 13374 is more demanding than the energy impact of 180 J, when the systems are made up of tubular steel rails or wooden boards supported on metallic vertical posts with a separation between the vertical posts of 2400 mm.
When the impact of the sphericonic ball or the balls of pellets takes place, the object that impacts absorbs a large part of the impact energy rather than the resistant structure. The photograph in Figure 13 shows deformation of the sphericonic ball during the impact and, when the balls of pellets impact, they are partially deformed adopting the form of the board that they hit.
CONCLUSIONS
The TEPS that have a separation of 2400 mm between the vertical posts, which are made of circular tubular steel with a section of 40·1.5 in vertical posts, and a section of 25·1.5 in guardrails, fail to comply with any of the requirements (bending tests, resistance and accidental load) in standard EN 13374. In Spain, systems with these characteristics or even of smaller sections in both the rails and vertical posts are very common. All the requirements of the standard were satisfied, when the tests were performed on circular tubular steel rails with a section of 40·1.5.
TEPS that have a separation between the vertical posts of 2400 mm, made with circular tubular steel vertical posts with a section of 40·1.5 and pine-wood rails with a rectangular section of 150 × 22 mm were unable to satisfy the deflection requirement of standard EN 13374. When the thickness of the board was increased to 27 mm, the boards with a visual classification of ME1 and ME2 were able to satisfy the requirements of the standard, and the boards with a visual defect classification failed the tests, experiencing deflections above the permitted levels. In Spain, the most commonly used wood in the manufacture of guardrails has the visual defect classification, such that spans between the vertical posts of 2400 mm and with a cross-section of 150 × 27 or less would not satisfy the requirements of the standard.
The results obtained from TEPS on steel and wooden guardrails have shown that the systems are able to withstand the impactor, defined by standard EN 596, when it impacts with an energy of 180 J, but in some cases they fail to satisfy the static load requirements established by standard EN 13374, in order to be evaluated as class A. For the systems under study, it may be understood that the static evaluation of standard EN 13374 is more demanding than the energy impact test of 180 J.
An important role is played in the performance of the impact tests on TEPS by the composition of the impactor. In the case of an impact with a sphericonic ball, defined by standard EN 596, an important part of the impact energy is absorbed by the ball. The TEPS is able to resist the impact but does not absorb 180 J, as is evident from the static tests conducted on the vertical posts. It may be confirmed from the deflection of the vertical posts in the impact test that the energy the vertical posts actually absorb is below 180 J. The authors believe that the impactor It can be experimentally confirmed that both vertical posts were able to withstand the impact and what is more, the displacements obtained after the impact were very similar to the maximum displacements obtained during the static test (Table 3 and Figure 10 ).
However, it should be noted that the energy at the time of the impact was 180 J, although it was not only the vertical post that absorbed that energy with its deformation, as an important part was absorbed by the ball itself, due to its own deformation. The local deformation of the ball may be seen in Figure 13 once the impact has occurred. In fact, when the systems or elements pass the test, it may be stated that they resist the impact energy of 180 J, but it may not be said that they absorb 180 J of energy, because part of the energy of the impact is absorbed by the ball that causes the impact.
The values in Table 3 for absorbed energy in the elastic period and absorbed energy up until the maximum test load are very much below 180 J, which highlights that plastic deformation would have to take place practically up until the failure of the piece to be able to absorb an impact of 180 J.
The experimental results from systems S3-S7 show that the systems pass the test in all cases with an impact ene rgy of E = 180 J and, in addition, neither breakage nor plastic deformation takes place in any of their constituent elements. Even systems made up of boards with a thickness of 22 mm with defects (system S4) were able to resist the impact.
When these systems are evaluated under static loads, the results show that systems S3 and S4 (boards with thicknesses of 22 mm of any quality) and S6 and S7 (Boards with a thickness of 27 mm with a visual classification of ME2 or Defect) are unable to fulfill the deflection requirement, obtaining deflection values that, in the case of the board with a thickness of 22 mm, were almost double the maximum permitted levels. The tests undertaken on the systems using boards with a thickness of 27 mm fulfill the static load requirements of type specified by the standard absorb less energy than it absorb the human body. For this reason the TEPS are more loaded in these tests that in the case of real impacts. It may be appropriate to modify the type of impactor using objects and materials that best simulate the impact of a person. Thus results that are more in line with reality would be obtained.
